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TEIN WEBS IN DIAGONAL W3NS1OI!4

Formula (14!) is not in accord with the assuq-
tions made. It should be changed to

(14’)

Paragraph 3 (discussion of forzmzla,(141)) should
be replaced by the, followtag paragraph:

Formula (141) errs on the unsafe side.
l?or loads up to about 10 percent of the
yield-point load, calculated deflections
should he multiplied by 4/3. Yor higher
loads, much higher correction factors m+Y

be necessary, but the eqerirnerital evidence
is insufficient to warrant any recommenda-
tions.

Change example to read

The deflection formula (W) gives for’
low loads

D * ‘20000 x 1203=
(

+ g x 20000 x 120 ‘)-——————
3 3 X 107 X 923 107 X 0*025 X 30)

= $ (1~25 + 1,28) = 3.38 inches.
u
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:. A SUMMARY 03” DESIGN i?ORWLAS ??OR 3EAMS HAVING.0 . ;...
. .. ,. .

,,,, THIN TEBS IN DIAGONAL TENSION .

r“. By Paul’ Kuhn ‘ “ “.”
,,

,.*“ f..-. . . .. ,’ .- ... .< .-..
.-,. t. ..”. SUMMARY .. . ““ - .,: - —“+

,. ”.- ,,(.,-.. ‘. . ..,: -. .: ...,” ---- 7-:-’..-.. . ,- . .

-This re~or”t presents an explamqt.ion. of~ the
.,.....

ihmdamo,.i-
tal principles and a summary. of, t-ha e.s:seatial fornulas” .
for the desigp of diagonal-tension field beams, io’e.,”‘be’.zuns
with very thin webs; as developed b.y...Prfessoror lTa~ne”rof ““
Gor?nany. ‘‘ .“ ,.

. . . . .. --=--.—-
INTRODUCE; ON ,,

;,’”-, .’. . i- .- ---J= -=— ... .
,. . ...”

The necessity fo’r designing’ structure-s to the “small-’
“estip“os%i.b”~e“tieiG.-ht‘for “a”gi~on load factor has forc?~ ; -
airpl’’ane d~signers to ‘deviato natm. ially in. some in,stan”cq”s
from constr.uct ion. practices that. hnve b.poomo standard. in
oldor %ranchos ‘of;engineering. .,Diagqnal Rtea-sion ~~~ld
beams are one example of this trend qway from,.e~tah~ished
practice. #

-.
.. ’.’. .. ,.. ..

Diagonal-tension field leanm. are a spe Gitd .dev?lop -
ment of.plate girders in”..wliichtune shear i,ng.force is small
compared with the depth of the girder, so that t~e required
web thickness is very small. Sucl} a $hiq,-tiebwould buckle
before ‘itreached the ultimate.. s’bear~ng ‘s.traqs. Jn struc-
tural .enginsering, this buckling is prpwented by at$achifig
stiffeners to the web. In many aeronautical ..structtirea,
however, :.theweb is so thin that a+~.excessive, n-asiber.of
stiffeners-would be” required to develpp. a high, shearing}..

stress before”buckling. Therefore, a different solutisfi
of the problerh has been attempted. The flanges of”the-
beam are”connected by a number of struts which act not a+
web stiffeners ,,but as flange spacers.. .~he web’is thus
left free to buckle, the ‘nasic idea being..that. th~~eb .a~-
ter buckling cannot carry tile shear’in the’ beam %y de~elop-
ing shearing stresses, but can szLd does carry the shear by
developing tensile stresses in the direction of the diag-
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onal buckles’ or folds; hence the name ‘.fdiagonal-tension
field betmtScff

The choice tietwe~n the ,plate girder. with a web saf~
against buckling and a ,diagonal-tension field beam depond~
on the relative magnitudes of shearing force arid depth of

‘ooamC GUsing as a criterion the IIilldoxvaluel[ II= ~ ,

whoro S is tho total shear in pounds and” h tllo depth
of tkc beau in inches, Wat:ner has estimated (roforonco 1.,
p. 3) thata diagonal-tonsiog field bean is ~rolably pref-
erable if K is lens than about sovon, while a plate gird-
er with a shem-resistant weti is preferable if E t~ IUOi*G

than about elevoh. In the intermediate region there is
little choice between the two.

,,
Beans with an index value K of loss thnn seven are

frequently found in aircraft structures. lnstance~ are .
fonnd elsewhere than among beams in the narrower sense of
the word. The theory can alno te applied to the shear
Siiin of monocoque fuselages, hulls. and floats; to t-he
skin of metal-covered win~s, . when the s-kin is used to
take the shear loads due to drag or torsion; and to the
bulkheads for monocoque wings, i’uselagesfl flaats, and hulls.
Attentioil is called t= the i’act that the use or a t-hln web
may be of advantage iu truss-tyye assemblies because the
lateral support whfch the”w~b contributes to the compres-
sion members may more tham componsato for tho incroaf3e in
weight due to tke uso of the web.

The th~ory o-f”diagonal -tei.s-ion field beami ~ha”a”been
treated by Professor lTa&ner, of Dmzig, Ggrmany,. agd his.
publications have been made available to the American de-
signer in several N,A.C.-4C Technical Memorandums. (See
references .1 - 5*) These translations, howevor, are diff-
icult t-o foll”ow and contain some errors. Conseq,?sntly,
the present report hae been prepared to expl=in tne funda-
a~ntal “principles of diagonal-tension field beams, or
11’i?agn”erbeamsl’ as we shall call them for brevity, and to
give the formulas essentie.1 to t-ne.-df3signof sue-n he:~~s.
No attempt has bsen made to present the derivation of tho
equations. Any person interested in the theoretical aE-
pects of the subject may refer to the. original a.riicle~
or their translations.

‘

-$
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FUNDAMENTAL PRINCIPLES

Then a frame as shown in figure 1 is loaded by a force
P, the diagonal Dz w-ill be in tension and the diagonal
Da in compression, If Da is a very slender column it
will buckle when P has reached some definite small value,
and if P be increased beyond this tialuti, DI will take
all of the increase in shear in t-he panel. The dtagonal
Da will continue to carry a load about equal to its buck-
ling load?_ hut wheh P becomes very”large, the load in
Da will beco~e neglfg~te as comp=rad with the load in ~ .

A

--

If the frame is converted into a beam by replacing
the diagonals with a very thin web, a similar argument ap-
plies. The compression stresses “Ii ‘the direction of De
fold. the web into corrugations as indicated in figure 2,
and the shear in the panel is carried by tensile stresses
in the direction of D1 , Such a panel with the web in di-
agonal tension constitutes the fundamental unit of the
Wagner beam. If the panel is square, such as is shown in
figure 1, it is quite obvious “that the fo3ds will form at
sm anglo of approximately 45°, I-f the panel is a rectan-
gle, the direction of the folds is not so obvious, but the-
ory shows that it will still be approximately 45°, provid-
ed that all edge members are stiff. The int>o~uc~ioii or
additional struts in the panel (fig. 3) does not change

.

the direction of the fqlds if these struts are parallel to
the original end strut? (reference 1, p. 10).

\

●
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APPLICATION OF PRINCIPLES TO A CANTILEVER BEAM

Froa tho fundamental principles oxplainod in tho pre.
ceding section, it follows that, if tho flanges and struts
of tho cmtilever boars shown in figuro 3 tiro very stiff as
regards .l?ondi~g in tho piano of tha wo~,. application of_<he
load P will causQ tko web to for~ folds at tin anglevct,,! a’a
w’hich is approximatoiy oq~al to 45 . The stress in ths-
web is chiefly tension w’~ich is uniform over th’e paneI j
and.1.n the direction of the folds (referc+nce 1, pp. 4w21) ; “ ,-
consequently, the we% may he considered to be cut into a

.

number of tension diagonals by cuts parallel to the wri.n-
kloti. If a s~dtion through the beam is taken at a distance
x from tha ri~ht oud, considorati.on Of the oquili.brium of

e

tho resulting free body shows (referonco 1, pp. 24-27) that :
the tensilo stress in tho wob is

f 1.~_—
h t sin 2u

(l’)

where t is the thickness of the’ web, and that the forcas
in the tension and compression flanges are,

(2f) ,

where the second term is due to the Ii6rizonta”l Eomponent
.——.

of the web tension. The vertical con~ofieat of the web t8n- , ~“.
sion, actl~g aJ.ong a length d of til~ge, gives the :

forc~ in tho struts ‘ ““
-4

w
v =-P ~ tan a

h-
(31) “ .
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Theoret3.caI calculations have shown that a is usu-
ally a few, degtees less than 45° (refer Gnce 1, p. 22) .
Observation of test beams has shown that the unatioidable
irregularities in material, riveting, etc., cause devia-
tions from the theoretical value of a. Consequently, itv
is sufficiently accurate for design to assume the conven-

.,. ,ient value u = 45°. The preceding formulas therefore be-
come

.... .
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(1)

(2)

(3)

The spacing of the struts in a ‘Wagner beam should
normally vary between one sixth and one half the depth of
the beam. If_ the spacing of the struts becomes ‘greater
than the depth or Ehe beam, M may become much less t“han
45°. A conservative procedure in this case is to compute

in the tension flange &nd in the struts’with+$=.:;g;es
the[fo~ce in the compression flange and. the stress

~f~ the web with G = CL’ = tan-z ~. In Gsh”eral, Such wid-e
spacing is ‘very imptiactical and ~hould be avoided unless
strength is a minor consideration

.

.. .—

\.
THE GEiERAL CASE OF ‘A BEAM WITH PAIIAIJLELIFWXNGX!S

--—

In the general case of a
‘the struts have an inclination ~~~2p2&;; ‘;:’;;:

‘ troduced at point? other than at t-he end of the beain (figs,
4a and 4b). .. .

.

P1

.—
‘~-d–~

—.
/-I!!iF$!w2

\ \’\ \’”\;
\. \
, (\, ‘J’\\‘“

..&.

‘1
(b)

IP

—
_“

Fig, 4
--

?. —- --
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Since angle sections or other open sections of small bend-
ing stiffness are often used for struts, the formulas are
derived under two assumptions: I - struts with infinite
stiffness against bendi~ in the plane- of the web; and”II -
struts with no bending stiffness, The effects of finite
bending stiffness of the flanges will also be considered.

A Beam wfth struts of infinite bendingI stiffness in
pjQme of we3.- If the struts are rigid and well riveted to
the web, the web tension is constant in any bay between
two struts and changes by a constant amount proportional
tO Pn at any strut where a load Pn is introduced (fig.
5). Wherever such a load is introduced the force in the
strut varies linearly from VI to Va throughout the
length of the strut.

Pn

.-

.

.

r
.,*

*

The formulas for the case u~der discuisi=n ar”e (ref’-
.

eronce 4, pp. 7 aad 8, and reference 1, pp. 33 and 34) : ●

S+ Sd tana 1
VI=- T’2 a--—— ~ ~ (Gat) “~”

hsin~(l-taact cot ~)

*
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. where S and M. are the shear .F.ndmonent, respect ive3.&,
at t~e section considered, SL and SR are”tho shears in

the bays on tho left and on tio right of the strut consid-
orod, and Pn is the external 10EA applied at “the strut.

..
Figuro 4 indicates how the angles a and $ ag~ meas-

Uvod. If thoro is any doubt as tc wkethor the acute or
tfio obtuso value of ~ should bo used, a diagram of the
beax should be drawn aad the tension diagonals sketched in
for each panel. their slope depending upon the direcfio”n
of the shear in the panel~ The angle C is alyayti”acute

and can be taken equal to ~/2 unless’the struts are
spaced too far apart. If the angle u’ t determined by a
tension diasonal from panel point to Panelpoint (eQg@,
P~ to ?3 in fig. 4a) becomes less than g/2 , then the
angle ~1 S-nould be used in ylace of ct .f.orcomputing
the stresses’ in the web and in the c-oppression flange, .
while the angle a == $/2 should be usefl for computing
the stresses in the tension flange and in the struts

.

In formula (Gal), the nogativo sign for Pn must bo
used if the load Pn causes compression in the strut and
the positive sign of Pn’ causes teqsion. The maximum
force in the strut is given eithey by (5a~) or (6bt), de-
pending upon the sign of Pn, ann it occurs at $he junc.

tion of the strut with that flange which would be cut
fir’st by an arrow !$lying in the ~trection of the force Pn.

J .’
~ ---

11 - Beams wi”th struts” of zero bending sti-f-fne-s8 i-n
pJ1.aneof-w eb.- A ietter general approximation to actual
conditions is probably obtained by assurn~ng the’ s~ruts to
have negligible bending stiffness in the plane of the we%,
Under thts condi~ion, the folds are tiot interrup~ed wher”e
tb-ey.cross the struts (fig. 6) and the web stress is con-

.

.-
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Thus, at any section of the beam take-n parall-bl’ to the
struts, the web stre’ss varies tti”oug~out the depth of the
beam, This case has bedn solved uqder the a~surnption that .
all struts me” loaded, tid tlrat the loads Pn are” propor-
tional to the spacing of-–tho struts. Under t is assump-

ttion the force in the strut is constant throu bout its
length. ‘ t,

(

The f%rmul.a for the forces in the flanges is tho same
as under the assumption. of rigid st-ruts.” The formulas for
the web tension ‘at the strut and for the. forces in the
“struts become for this case (reference 4, P. 9),

. .
“fT,(.J = (SL + SR) ~ t ,~in 2a (11- tan a cot ~)

Pn
. . ;lb -.

2 d t sin2 a

(:L + SR)” d’~= ~
v’=- .—

2 h sin ~
..

..’ .Pn.

+ 2 sin p *

If loads Pll are applied over only a portion of the
beam -and are approximate~y proportional to the spacing of
the struts, the formulas can be u~e”d a“s‘gbod a.pproximatfone
in the middle part of the loaded k8gion of the ’beam. On
the borders of this region; or in general at any place
where the loads “Pn are not proportional to the spacing of
the struts, each cas~ must be given special consideration,
as indicated in the last example of the appendix.

~1-3’ ornulas for general u= .- I’or practical pur..””-
poses,. the.two sets of formulas for rigid md for flexi-, ,
ble struts may be simplified and com’bine.d into ono set. “ ‘
‘When the proper value of ~ i~e,sbaen found as explained .
in section I, the-va~uo of &/2 can bg substituted for u“.
Furthermore, struts will ti tiaslgn6d i.n mcst cases for tho
avorago load they carry, tilo variation of this load along
the length of tho column being disrogardod. With this sfn-
plification, tbo formulas for the i’orco in a strut bocomo
idontic.al for tho two cases. T11O only romainingdii’for-
onto between tho two cases is tho wob tension; for rfgld
struts tho W03 stress is constant ‘acro~s sections parallel
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to the’ strut”s;
.—

for flexible si*ut-8, ~Ye”~e~ “tension varies

lineal*l~” b6tween the. two v~l,u~s g’i,van‘~y forrn~tl_a(4b) _
across such. sectioj~s of ’the”-oeam., , _ _ . ‘.:,.

The genp~al formulas therefore become “ -.., -.. .-;“

f =2 s”””-— cot ~ (for stiff struts) ~ -. (4a) “ .
ht ,.’ ,, ... .,’

““ (5)”
---- ——

. . .
.,””— qij ‘

(For choice ‘o: sign in e~uation (6) see note regarding.
equation (6a*h)

The decision as to whether a given s“tru_tshould. be
considered as’.bei’ng ri’gid~ very flexi31e; or of some ~~”~er-
meti~ate stiff fiess uust be left to the judgment of the des-
igner. In general, it can be sa~d that m~von ‘str:ut=of

---, ,C1OSCL section do not’ arm roach t-he thoorotickl condition-. -
‘of rigidity very’closely. ,.. —

., —
! ,.

. The effects of small benJingIV - stiffness of, the
“flanre”g.- The tensi’on in t.h~ web caus s bending stre~~s

i.. . . z,in the flanges ”(f$g,.’?) which are supe posed on tho longi--”
- tufiinal stress caused by ,HT, “or EC.
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.

The normal component of the we~” tension being considered
as a uniform load and the flange as a beam continuous over
the struts as supports, the maximum beziding moment in the
flange occurs at tho strut and has the magnitude

My =
S d2
~ tan u (9-1)

This expression is sufficiently exac% for calculating tho
secondary strossos causad by bonding of.t~e flanges in
any Wagner beam of normal proportions (rsference 5, pa 34) ;
i.e., in a beam where the struts are spaced from one sixth
to one half the depth of the beam.

If the bendtng stiff-ness of %he flanges is not infi-
nite amd the spacing Of the s~quts is increased, a potnt
is reached whoro only a part “~-d of the web is in tensi~~
(fig. 8) ,

/
Fig. 8

This causes a reduction in My to liyf, whore

Mr I = cl x My (lo’)

The factors ~ and Cl &re given in fi&re 9 as functions
of the nondimensional parzyneter

J4
.-..

cod= 1.25 d sin a. ——————
(Iq ;.IC) h

where IT ad I
f

are the moments of inertia of the ten-
sion and compress OQ flanges shout their own centroidal

-.

,.

...”

*,..

.



,“1
,
,

t
3

● .

.

.

k

..
b

N.A..C.A. Teohnical Note No. 469

a~es. When only, a portion of the web is in tension, equa-
tion (l?), (4!), or (71) gives the” ayer~g~,,s~rgss. ~ The.. .
naximum we%”strosa is .“ ... ..

. -.. .,, —. .- —..
-.

f.n-ax= f x $
,

avgr,.

where c= is a factor given by figure 9. (See reference
~, pp. 33-3’7, for eq~atiops (10~), (11~)$ and (12~).).. .

“At the end of the beam, or at any point where an ex-
ternal load isappl$ed, a bending moment analogous to ~~F

. is induced in *he st-ruts, Either these members must “he
made sufficiently strong to withstand the bending mbments
or diagonal members must be use~ in adjao”eritbays, Yig-
uro~ 3 and 8 show some. of the possible solutions.

THE CASE OF !I!IHIBEAM WITH NONPARALLEL FLANGES

.-
, in structural design, it is generally assumed that in

)“” a beam wi.th.nonparallel flanges th~ forces in th”e fl”anges
“.
. are in thq direction of the flangesa

‘%
Hence, .equ”atlon (2)

or .(5) gives only the horizontal component of the ~le.nge
forces;-thb, totai flange forcog and }heir vertical com~o- *

. nents are easily computefi Yrom th~ horizontal components
,. . and

..

\
.

b

the inclination if the flanges.
-,

. .._
.“

A
. .. . . . ..

,. -x ‘—
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1

1

~h.evertical components” of the flange forces carry a
..

...., .
part of.the shear.. ‘Accordingly, the shear SW carried by
the web is the difference between the total shear S and
the vertical componont~ of tho flange forc~s: .

sw=s- #“ (tai 63 + tan 6c) (13’)
..... ,..,, ,“’. .. .. .. . .

(See “fig: ‘10.) 9?hiB shear Sw is used to calculate the
web tension and the force in the struts, using the formu-
lae given forbeams with paral,lel flanges (reference 4, pp.
1-6) ●

---- .... .....-------_....._ —....- -------- —...-—. _.=-_-----+=.
.. . .. —

,, -,. The web stress thus computed is the stress at the cen-
ter line-of the beam, It varies along the depth of the beam
even though there are no intermediate loads applied at the
struts~ Stnce the stress is constant along any tension di-
agonal, the web stresses at points A and B may be ob-
tained by drawi~q the tension diagonals throu@ thorn, mak-
ing an anglo d’

LP
k“ith tho center line of’ the boam~ and cal-

culating tho t essos for points Al and 21* The) S=0
method applies for a beam wit-h intcrmediato loads if tho
struts havo small bending stiffness, providod ‘that the-
loading of t-he beam near the section inv~stigated conforms
to the assumption unds-rlying formula (7:); viz, that the
loads are proportional to the spacing of the strutd. If
the struts have large bending ’stiffness, the tension may
be considered constant in any bay and equal to the averngo
tension given by equation (1) or (4), using for h tho av-
erage height of the bay.

..—.

1

b

.

x.
.

The method here outlined for calculating the forces in
. .

Wagner beams with nonparallel flanges is only approximate;
it should be used with caution when the inclination of the
flanges bocomos large.

Dl?lE’LECTSONSOY WAGNER BIhl.MS 4

For the computation of the deflection of Wagner beams,
the following approximate method is proposed by the author ..*
until further data are obtaiued:

.

(1) Calculate the bonding deflection of tho beam by ~4

stand.ard b6ium-deflection formulas.
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..et, and vertical struts regirdlesp o–f whether” th%.?‘; sft~~z”ts,in the W@nor be.arnaro :verticai Ol; ,inclinodc
- .1.;:,;” . . .-

., ...,,,:...
.. .-..

*., . ..-,,- “Ass& “t;~&.di~~onals” ‘to be urid~~ a St??e SS t3qU~
-- “__ ...- . -

.? . and compute. $.Po.:~~flection of the substitute
“.’~.!%~rao t!uo :o-~l@~”~tJ>_n” of the diagonals only. - .<7,... ,.”:.-:-”.. .,......“,’’””..*“‘“=-”.(@.Pti~~o”-,f~~rn~,ii ‘~i’*i~o~ in~o p~e~~n-~h~,,::

@a”&’q=~’”prb~brj.b.o,~”there ,will usually be a short o~d:
.“.. p“a~~’~l,left a“t th’e end’, hut %h”is paiel 03 odd size ,-.,----

● . . . bii”n’.%e -:negl-~cte.d in.”the ‘calculation. of the sheay d.e-....’.
flectiorio) ~.

-.. _,.. - +i“.,. . .. ..-. -,-r:,.- . ..” .-. i ---
(3) Add th~’ bending deflection ‘&h the shear def~e&-

j’ion..,., ~ -..’ ., .’ :,. “ ;:.:::::.; ..-.:.~.:;
:: .. . ..: .., ?,,-.” —-- ,-

If ?$he- mb~hod. proposod’is “app~ied t% ajcaqtile~er ‘-
—

beam sud~,.69 the One Showr. in figare s,::the “following, for-
mula is’ obtaihed’ for the dejection. at the end of the %eaut:

●

.- i..

where I is the moment of inertia of t~e boarna,
,’

. . . . . . . . . . . ,. ... , . . .

.“ .. .
EXPERIMENTAL CHECK OF iCCTjRA(3Y !33’ FOR1.IUL~S

... .
..; .

—

-- .,.. ... . . .

(14’) -
--

-—— ,

...=
L -’ --- ,-

—

.-.,.

~.*-_ ..

The results of strain-gage measurement= on” a b~am”’
with parallel fla_qges and yert$cal struts are gi.veti in’ ref-
erence 3. The experimental resul~i check’ ‘the calculated
values within about 5 percent for the ‘Stresses In the web
and in the flanges. The experime:ltall~ obtained stre~ses
in the strut are much smaller” than th”e talc’ulateL strossos.
This di screpanc”y” is probably due to *“no fsct that the ac-
tual inclination -of.the folds differs fro-m the assumed in-
clination. Exekiinatioq of Ioryiulas (l!),, (21>,.,an.d ($.:):.,
mill .slio’.w”.t.hati-tin~er”<or in ““a‘“K“-qff&&t s .’::Q”qt’Clreb“i+Jlt~e,:“
:st~ut:inuch didi$e:‘fhan it aftei~’s-“She- sbrQss”6&’.~;~t~iiZiFb ~~r
those in the flanges. .’.:--:.:.:” .. ..

.—

,
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It may be mentioned ‘here that Professor.Wagner suggests
the USA of ~ = 4(3~o This is indeed a better avorago value,
but attentioli has already boon called to”the f=ct that the
inclination of the folds is novor quite rcigularo lPurthor-
moro, tho gain in the averago accuracy of computing tho
force on the strut is only of academic interest, sinco tho
allowqblo’ stress “for tho struts

&
‘s..yery uncerta,lnc The uso

of ~c 450
3

in preference to .= 40: i? therefore rscom-
mend e ,be~ause it is simpler to;.&se and more conservative,. .

!lhe for”mulas for the cantilever beam with parallel
and rigid flanges, closoly spaced vertical struts, and a
single load can be derived with very few basic assumptions.
Any’ complication such as inclined struts., incltnod flango~t
or intermediate loads necessitates additional assu~tions
and decreases the probable acctiracy”of the f-o”rmu~aso How-
ever, it is be3.ioved that all the formulas are sufficient-
ly accurate for airplane design purposes as’long as the
proportions of..the beam are not abnormal?

%@’iw’ “- ““ ‘ - ~ ‘---”eflection ~omnula (14i] was applied to tho’tests
roportod in roferenco 3, and it was found that the actual

,deflections were considerably less than the calculated de-
flections on beams of ordinary d_e~~gn; i.gs? .pg_a.ms_yhegq

: ‘the spacing of the Ztruts is less than the depth of the
beam and where tho struts are riveted to the web. Howevar,
ttbe maximum load used in these tests was only about 7 per-
cent of the yield-point load (based on the web stress).
A special test was therefore made at the N. A. C.A. labor a-
tor~es in which the load was carried to about two thirds
of the yield-point load, l?he actual deflection of this
beam was about 5 porcont higher than that calculated. Un-
til more data are accumulated, the proposed approximate
method of-calculating the deflections seems therefore ac-
ceptable for loads between 10 percent and 70 percent of the
yield-point Ioadq

THE DIISIGN OF WAGtiER BEAMS.

Omitting problems of detail design which are best
met in the shopl this discussion wf.11 confine itself to
allowable stresses, It seems advisable to deal with the
problem first from a simple but fltheoretical~t p-oint of
vtewg Later it will be. pointed OU~ that Pr.ac.tical.CQ~J$.id-
erations may require considerable modification of the ‘lthe-
Oretf.calri allowa%le stresses.

.

.
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If the design is to be based Qn the ulti,mate .s$rength,
t,~-.,~~kdwab~e stress~%tofi “t%e tieb and t-he“tension ‘-flange
should be the ultimate t,ensilq .s.trqg,g>~.of thp .,qatorial.

..1$ .$h.e~dg.sign i $’“to %e’.b’a,s”pdOri th~, yi.dld ,strengtb, .A%e-
yi,el.d=po.inks’tr-ossti”oi.zld,“”of”.‘kuurS?, be SU% stitut .sdk ..

,,. . ,:, ,.. . --- +,’
-. ~= .

-. The: ~l}omable’ Stress” for th~ co.mp-~e~?3i~n ‘~~l”an~~de=’‘:,-
ppp.ds on’.t$e shape of “cro.$s section, th”e l.atera.l.suppor,t
?f. flangek “etc., consi.der.ations whi;gh~,are .le,yopd the scope
.of this. reyort tid:’”will.nbt”be ‘disc-qs.sedhere~., .—

k ..
,, .; , :’. -., ------ -. . . . . . . :.

. . ...’ ,—. ,-- .- _- ~......-.

The struts are, in effect, co~~~rnns“with late&& ~l”a’s-
tic support, since the tension in the web restrains the,,.,
st~.ut.s,fram buckling. out of ~t-he.ploaqe-,of” the -web ~ 3y’a

,;80@es .:of‘.cblculatio,ns (ief,ar*nce 4,”,Kpja15723). , .P_rofesso-r
Wagnen” has edaiuated ‘thins eff,q,c~“on ,t~e the,oreti cal Inic%-

..-.ling sbrqagjth of the st,rti~?.““,,Oti-t~e”“fur-~her .a~suriptio-n
(reference .4,p. .24) that ‘two colum?.idf’ail at,,t~e.~.ama
stress if they have the same index value K, Professor
Wagner Is calculations yield a ,rgdu.ction factor C~ -(see

... fig~k lL’,-‘compi~tbd frbm an a.p~r~~”$~i,rnati-on--o? ~“”fis.1otieticurve—.

~““-:in fig, ~? of r6ferenee ‘4), whi@~’ is ~,f~.qction .o$ ‘.tlEPa-’
~“d ““

..
‘ ram~ter —--— ,

r~ot a - cot p)
arid by which the~” ‘

length t of the ~strut is multiplied in order to o%tain a
reduced le~gth 1 #

-... ’,-,,

. ,, ‘ “%’ -’=’.- q;”i. ‘ . .~’-” .>”””::.. ‘(15q
., -c<. !, ‘“ . -“

.: : ~, ..; .:...,
.- _ :.#=, ~—-—

With th~s re~uced. lerigth ““t“ ●aid ‘t“hb’~;tU&l ‘C+OSS S~Ct~&i
of the strut, the allowable stress for the sfirut may be
computed (reference 4, p. 27) by standard formulas or o%-
tained from column charts for pin-ended columns. The al-
lowable load on the strut is then obtained by multiplying
this allowable stress by the effective area, which is the
sum of the area of the strut and an adjacent strip of tho
webo For duralumin, the’ offectivo width of this strip may
be taken as 2W = 30 t; for stainless steel, 2W = 60 t
(reference 6) .

The theoretical allowable stresses given may serve as

b a guide for design until additional practical experience
has been gained. The following, consid~rations should al-
ways be borne in mind, hovovol-, as they may nocess3%&to
appreciable changes in the allovablo stressos~

4

1. Tho folds causo beniiing stresses. which may 10WOT
the ultimate strength ant the fatigue strength; the folds

..

—

.—— .

*
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> themselves” rnky imp’a.irthe “-performance of the airplane.. .-
, 2. The wrinkles form at low loads and reach an ap-

preciable size under norm,al flight conditions (fig. 12a
taken” from reference 2). If they appear on parts exposed
to view dwring flight (wing covering), they w311 engondor
a %erfous. loss of confidenco”on the part of pilots and
pass~ngers even though. the strutiture is perfectly safe,

‘ Thi% considoratioh may perhaps seem ~important, but the
scanty expo~ionce available” at present izidicates that it
may 30 very docistro,

3’● ~;- i%c %-r E3 For t-he &os~&E of tho struts %s
probably. very consorvativo in most cases. UnftirtunatoIy,

““tests on the buckiing str’ength” of the struts will not or-
.di?arily be very conclusive, since the buckling occurs so
gradually that no one point can tie designated as- the point
of failure@

In coriclusion, it may be stated that the establishment
of rules more compreho~sivo than those- indicated will,%e
possible only afterconsidorablo practical. oxperionco has
been gained. ,,.

..

!Langley Memorial Aeronautical Laboratory
Nat$onal Advisory Committee for Aeronautics,

Lagley Field, Va,, June 1,, 19330
.,
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APPEN31X
—

Illustrative Problems

Problem 1*

Analyze the beam of figure 131. The material is dural -

umin; tho allowable stress in the compression flange is as-
sumed to be 26,000”pounds per square inch~

> .—,/
, 12’X 10”/ -

= ~i! 1-
/ < y x y x.,./ .,-
,~,., I “,/”
/

I 7 Be-

‘/ I
~otItween

\
,
/ l-j

“ ‘1

cen-
troids

i

>

“--/

:3n ~ ~n””x<ll! x 11!x l/8i–(One side”o-tiy)” , :
)

l?ig.IZ 20,000 lb. ,. .,

..

—

~-.—
. .—

The stress in the we% iS (formula (1)) “ .

. 2 x 2ooocJ_
—

f 53,300 Zb./Sqcin* “ ~
~025 = ,..

The forces in the flanges are (formula ,(2))

‘T,C
= * moo x 120 J- x 20$000

:0’-2
—.’ —

Hq = 1- ‘70,000 lb.

Hc=- 90,000/lb.
,.

.,

The stresses in jh~ flanges are .!.herefore.,.
f~

70000 = 4EI,6@0 lb.!~q.in.:
‘ + XTO.72

.
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.

fc=n 90C!O0 ~
2“ x 1.77

The force on any strut

v =“ 20,000 x $# =*- 6,670 lb- ,— -,

Since =P
~oo, ~ = ~~o, afid d- = 0.33,

h
figure 11

gives C3 = 0.40; therefore the reduced columu lehgth
(formula (151)) is .-

1’ = 0.40 x 30 = 12 in*

The slanderrtsss ratio is # = ~ Z 40; there.fo~.~,

the allowable stress (roi’erence 7, f;ga 6) is

~c = 27,800 lbo/sqoino

The effective width of sheet that acts with the. strut
%s 2W = 30 X 0o025 = 0.75 in,; therOfore, the total ef-
fective erea

Ae == 0.23 -i-0-75 X 0.025 = 0.249 sq,inc

and tpe allowable load

P al 1ow = Oa249 X 2’7,800 = 6,920 13-

The maxlnnun bending moment-in the flanges due to the
web tension is (fornula (9f))

The maximum total stress tn the tension flang~ Is
therefore

f~ ,= 48,600, -i-5560 X 0-56 = 54,360 lb./sqaln.
.0,54

The maximum total stress in the compression flanse is

- 25,4~0 -.=$:.;02’ ~- 29,51Qlbe/Sq6in~fc =

This stress+ isabove the alZowalZ? stress specified for the

--

.

.

.

—

.
—
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compression flange, ”‘%”uf- stijl b-el”ow‘the yield point. Iri.,
view. of the fact that the ,specified -maximum stress is based
on considerations of ‘bucklin~”, the’’-pu61yly local and” com-
parativqly,,6mall overstress, appears admissible.

. .,, . r>> i. . . . ..

Formula (11) gives “
:}, .,....

“14,; .,,
#d = 1C25” X:10” X 0.i07

0.025-“—— = 1:1
(0.54 + 209 C!)‘X 30

Figure 9 show: tha~ ~ and 02 are practically —--–
equal to unity for this value of Ma; there is consequent-
ly no reduction in MF, and the web Str?ss is uniform,

When calculating the-deflection, the moment of iner-
tia of the” beam is computed dpprhxirn~t~ly”as ‘

I =. 3.54 X 8s682 + 1.44,X,,21~32= = 923 in.~ .-

.’

“~~!j%oY& X126’’;;+ 2 x &oo’x’12<&6 ; “wj

e 1 ction formula (141) gives

D -—
. “ . “.. ZX,107 X92.3 ‘. ‘1.07 X 0.025 X 900

= 1.25 + 3.2CI = 4.45 in. .

Prcblem 2.’

-\/. . .,

/-’.~

● “

-.

Given the beam of figure 13, but with a spacing
a = 20 inches of the struts, calculate the stresses in the
web and in the flanges.

,.
The aver-age stress. in the web is, as in the ~receding - ‘

— .—

examples ,.

f = 53,300 lb,/sq.in.

The direct stresses in the flanges also remain un-
changed

.-

fT = 48,60Q lb./sq.in. ,.

fc=- 25,400 lb./sq”.ino

The parameter u d is twice that of the ~receding ex-
ample (since d is dou~led)

... .

ud = 2 x 1.1 = 2.2
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which gives OZ = 0695 and. C2 = 0~90.

The maximum web stress is therefore

‘t max = 53,300 x J— =
0.90 59,200 lb. /sq.ln,

The maximum bending moment in the f-lange is (formulas
(9~) and (101))

~yl z 0.95 x 20000 x 400
12 x 30

= 21,100 in,-lbo

and therefore the bending. ‘stress in the fla.ngre

fb =

or the maximum
inboard end

fT =

fc =

21100 X 0.56
0.54

total stress

= 21,900 lb./sq.in.

in the tension flange at the

48,600 ‘I- 21,900 = 70,500 lb./sq.in.

- 25,”400 : ~loo x~ .
2090 - 41,000 lb./sq.inO

It will be necessery oi.ther to use stronger flanges or
to reduce the spacing of the struts at the inboard end of
the beam. —

Problem 3.

I?ind the forces in the flanges, the forces on the
struts, the reduced columm length, and the s-tresses In tho
web for the beam Shown in figure 14t

.-

4iO00 lb..

—

.

,.
*

,..

.

.-

&

.-
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The struts at the e~d and under the 4,000.~ound load
.-

are to be considered as stiff; the other struts are to be
consi.dere”d as flexible. -.

The inclination of the struts is ,~ = 60°; , therefore,

the inclination of the folds is a = g =“300. The moment

at’thd inboard end is

M = 20,000, X 120 +2,000 X 110 + 4,000 X 8207 ;
.

= 2,950,000 in.-lb.
. .

The forces in the flanges’”at ‘~”h~inboard =~d (formula
. . .{5)) are “.

–.* 29500;0 26000 (1.732 “~ 0.577)
‘ ~T,C-. ~- 2. . —. .—

iig “=’+ ~3;36”0 lb.

Ho = =-128,3,80 lb.

the force-in “~trut A is (formula (6!)) ‘

20000 + 22000
. .~*

~A=- xQ+_ 2000
~ 3(J ,.2 X.0*856

— .—
- 5,850 lb,=

(Note that the second term has k positive sign for VA and
a negat$~e sign for ,VBO Cf.- note on formula-(6aj G)

*

The force in strut B iS
.-

.“ .

~B=- &&)Qo + ,2600& )( Q - 4C!O0

2. 30 2 x 0.866 “
.

=- 10,310 lb.

d
,..’:’ 10=

h (cot u-.--cot ~)
= 0.29

30 x 1.155

—

which gives C3 = 0.39 and

~’=o.39x A=13Q”5 in; “-””-- –..
.-

0,866 -. ..—— -——. .

.“.
. . . . . . . . : —.

,, . . .
.

*“’ .,
“.- o —

●

�✎
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The system of loads does not fulfill the assumption
under which equation (4b) for the ,web stress with flexlble
struts is derived~ Consequently, a special consideration
is necessary in t-his casea ,

P

Assuming first that all struts are rigid, formula (4a)
yields for the web stress -

X 20000 X 1.7”32
in ,the end panel: f =?.

30 X 0s065

= 35,600 lb./sq.in.

in the second panel fr”ornthe end: f = 39,200 ~lbe~sqeine

in the third panel (and all others): f = 46,300 lb./
Sqeizlm

Considering strut A as flexible, equation (4b)
gives for the web stress at strut A

~2000 ‘+ 20000 ~ ~Q1732 ; . 2000 .

37) X 0s065 2 X 10 X 0,065 X 0.25

37,400’~ 6,150

Amax = 43,550.1-om/sq.in.

‘rein = 31,250 lb./sq.in~

●

✎

●

✎✘

.

The minimum web stress ~f 31,250 pounds per square
inch at the upper “end of A is pro%ably too 10V, since if
the 20,000-pound loa?l were the only load acting there would
be a uniform web tension of 35,600 pounds per square inch
throughout the beam. This latter value should therefore
be considered as the minimum.web stress at strut A, occur-
ring at the upper end.

The maximum web stress of 43,550 pounds per square
inch occurs at the lower end of strut A, and should be used
t“or design. Actu&lly the.stress may be loss, in view of
the argument given that tho actual minimum stress at the
upper .smd is probably more than the theoretical valuoo

If, for the purpose of saving weight, the thickness
of the web is reduced in the end panel, a somewhat larger .j
margin should be provided here than in tQo rest of tho
beam to take caro of stress concentration duo to fl~xibil-
ity of the end strut. ●
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Pig. 12

lf&ure 12.-Caatilever Wagner beam with con-
centrated load at tip under test

—.


